[1] From the simultaneous measurements of aerosol optical, physical, and chemical characteristics over Hisar, a semiurban location in northern India, aerosol radiative (shortwave (SW), longwave (LW), and net) forcings are estimated using a radiative transfer model. The submicron aerosol mass concentrations are found to be similar, while the supermicron mass concentrations on hazy and foggy days are found to be higher than those found during clear days. Aerosol optical depths are found to be high on foggy days, and they decrease on hazy and clear days. Black carbon (BC) aerosol mass concentration is found to be low during clear and hazy periods and increases by about a factor of 5 during foggy days. Single-scattering albedo (w) values at 0.5 mm are found to be 0.88, 0.86, and 0.76 for clear, hazy, and foggy conditions, quite in agreement with varying BC amounts. The w values over Hisar are found to exhibit close correspondence with w derived from other locations in India in winter. SW atmospheric (ATM) forcing is found to increase from 16 W m À2 during clear periods to 49 W m À2 for foggy days. LW cooling of the ATM increases from about À2 W m À2 for clear conditions to about À3 W m À2 during foggy periods. LW ATM forcings are found to contribute 11-14% to the net ATM forcing. As the LW ATM forcings are negative, they partially cancel the large SW ATM warmings. Sensitivity study shows that LW ATM cooling becomes more prominent with an increase in the amount of absorbing aerosols and decrease in water vapor, while LW forcings are found to vary only by 1% for differing ozone amounts.
Introduction
[2] Aerosols affect the Earth-atmosphere radiation budget directly by scattering and absorbing the solar radiation and indirectly by modifying the cloud radiative properties. Both the effects exhibit large regional variations owing to the short residence times of aerosols which contribute to the significant spatial and temporal variations in aerosol concentrations, their chemical and optical properties. The spatial and temporal variations in aerosols highlight the need to quantify aerosol radiative properties and forcings on a regional scale. The sources of aerosols vary in space and time leading to a large uncertainty in radiative forcing and climate impacts. The relative importance of scattering and absorption of radiation depends on the chemical composition and the size distribution of aerosols. Aerosols also influence the longwave radiation but to a lesser extent.
[3] A major land campaign was conducted over the IndoGangetic plain in northern India during December 2004 to study aerosols, trace gases and their variations during clear, hazy and foggy periods. Measurements of physical, optical and chemical characteristics of aerosols were conducted from Hisar, Haryana, in December 2004 . In this study all the measured aerosol characteristics are utilized to estimate the shortwave and longwave radiative forcings due to aerosols. The simultaneous measurements of surface level (total aerosol mass, black carbon mass concentrations) and columnar (aerosol optical depths) are employed to constrain and determine better the optical parameters of aerosols required for radiative forcing calculations. The measurement days have been classified as clear, hazy, foggy and the aerosol radiative forcings are estimated for clear-sky conditions. The sensitivity of the forcings to the variations in the columnar water vapor and ozone amounts is studied and the implications are discussed.
Measurements
[4] Measurements of aerosol characteristics and trace gases were performed during a Land Campaign in the Indo-Gangetic plain over Hisar (29.1°N, 75.7°E) , Haryana during December 2004. Hisar in Haryana is a semiurban location with a population of about 1.25 million and is an industrial town with several cotton and steel industries. A quartz crystal microbalance (QCM) cascade impactor (model PC-2, California Measurements Inc., USA) was used for the measurements of mass concentration and size distribution of aerosols [Ramachandran and Jayaraman, 2002] . The QCM measures aerosol mass concentration in mg m
À3
and segregates them in 10 stages with a 50% efficiency cutoff radii at 12.5 (stage 1), 6.25, 3.2, 1.6, 0.8, 0.4, 0.2, 0.1, 0.05 and 0.025 (stage 10) mm. Aerosol optical depth (AOD) measurements are made by employing a handheld Sun photometer system in the 0.4-1.0 mm wavelength range [Ramachandran, 2004] . Aerosol samples drawn through precombusted (at 450°C) Quartz Whatman filters by using a high-volume sampler (HVS) are used to determine the total aerosol mass and the chemical composition of bulk aerosols. The maximum cutoff radius for HVS measurements is about 10 mm. The samples were analyzed later in the laboratory for water soluble ionic species (for example, sulfate), black carbon, organic carbon, mineral dust etc. The chemical composition of aerosols determined from HVS aerosol samples is utilized while fitting the measured AOD spectra using OPAC as discussed later. Frequency and duration of aerosol optical depth, mass concentration measurements along with the instruments used and wavelength or radius range over which measurements were made in Hisar during December 2004 are given in Table 1 . Aerosol optical depths using Sun photometer and aerosol mass concentrations using QCM were measured from about 0830 to 1630 local time (LT) at an interval of 30 minutes and 1 hour respectively. Aerosol samples collected for about 8 hours using HVS from 0900 to 1700 LT daily during December 2004 represent the daytime aerosol sample and used in the study.
[5] Measurements of optical, physical and chemical properties of aerosols were conducted throughout December 2004 over Hisar. Out of which only for 10 days simultaneous measurements of optical, physical and chemical characteristics of aerosols are available and are used in the study. Simultaneous measurements of the above aerosol properties are crucial to reduce the uncertainties in aerosol radiative forcing estimates which is the objective of this work. The days are classified as clear, hazy and foggy. On the basis of meteorology when the visibility is about 10 km it is referred to as a clear day. When the visibility is in the 1-2 km range it is a hazy day while it is termed a foggy day when the visibility is in the 200 -500 m range. This classification is further based on the notes in the log book when the observations were made in Hisar during December 2004. Accordingly, 6, 8 and 15 December 2004 are clear days, 11, 17, 18, and 27 December are hazy days while 12, 13, and 14 are foggy days.
Meteorological Conditions
[6] The daily mean temperature, relative humidity (RH), and wind speed for Hisar during December 2004 are plotted in Figure 1 . The daily mean temperatures are around 20°C or less during the first three weeks which decreases to around 15°C in the last week of December. Relative humidity is found to decrease from about 60% on 1 December to less than 40% on 6 December. Then the relative humidity increases and is found to be in the 50-70% range during 10-20 December. Daily mean relative humidity increased to more than 80% RH during 21-24 December which were also foggy days. After December 24 the relative humidity gradually decreased to about 65% till 28 December and shows increasing trend thereafter. During the winter period over northern India the low-level winds, in general, are calm, north, northeasterly and arrive from the polluted northern hemisphere. The wind speeds are low in the range of 2-4 m s À1 over Hisar during December except on 31st December when the wind speed increased to about 7 m s À1 .
[7] RH was found to vary significantly during the day on foggy and hazy days. During one of the foggy days, 13 December 2004, RH was found to exceed 90% going up to 97% in the forenoon hours and came down to about 50% in the evening hours. The foggy condition seen over Hisar in our study refers to the fog that arises due to radiation. This occurs particularly over low heat capacity surfaces on which air can be cooled by radiation and conduction to its dew point over a relatively deep layer. On all foggy days calm conditions prevailed over Hisar (Figure 1 ). It is to be noted that during foggy and hazy conditions the pollutants get trapped due to prevailing calm winds and absence of vertical mixing, which otherwise would get ventilated both horizontally and vertically.
4. Approach 4.1. Reconstruction of Measured AOD Spectra Using OPAC
[8] The chemical make up of aerosols is crucial to determine the optical properties of aerosols such as scattering, absorption, single scattering albedo and hence their radiative forcings. Optical, physical, and chemical properties of aerosols measured over Hisar are used in conjunction with OPAC (Optical Properties of Aerosols and Clouds [Hess et al., 1998] ) to determine the aerosol optical and radiative properties in the wavelength range of 0.20-40.0 mm. The derived AOD spectra and the aerosol mass concentrations are then compared with the measured ones. OPAC provides aerosol optical depths, single-scattering albedo and asymmetry factors which are essential to perform radiative forcing calculations.
[9] Of the ten aerosol components specified in OPAC the relevant aerosol components that contribute to the aerosol distribution over a semiurban site, are insoluble, water soluble, black carbon and mineral dust components. The water insoluble aerosol component refers to aerosols which contain soil particles with some amount of organics [Hess et al., 1998 ]. The water soluble component of aerosol particles originate from gas-to-particle conversion mechanism and contain various kinds of sulfates, nitrates, and other organic, water soluble substances. Thus the water soluble aerosol contains more than only the sulfate aerosol which is used to describe the man-made aerosol. The soot represents absorbing black carbon. Mineral dust refers to mineral aerosol or desert dust produced in arid regions. It is made up of a mixture of quartz and clay minerals and has three modes which takes into account the relative increase in the amount of larger particles with an increase in the turbidity [Hess et al., 1998 ].
[10] The measured AOD spectra over Hisar are reconstructed with insoluble, water soluble, soot and mineral dust aerosol species using OPAC. QCM measured aerosol mass concentrations and HVS derived chemical composition of aerosols are used in constraining better the aerosol optical depth spectra. The mode radii, widths (s) of the log normal aerosol size distributions for the above aerosol species and the single-scattering albedo (w) values at 0.5 mm, 5.0, 10.0 and 40.0 mm from OPAC are given in Table 2 . The mode radii of aerosol species considered are in the submicron range. w is found to be less than 1 for all the species indicating their absorbing nature; Mineral dust in the nucleation mode (w = 0.953) is more a scatterer in the mid visible when compared to soot (w = 0.226) which is the largest absorber of the radiation in the atmosphere both in shortwave and longwave.
[11] The OPAC derived AOD spectra and aerosol mass concentrations are compared with the measured AOD spectra and aerosol mass based on the following criteria: (1) The spectra for which the root mean square deviation between the mean of the measured and the fitted aerosol optical depths is <0.05 and (2) the OPAC estimated mass concentrations lie within the ±1s of the measured aerosol mass concentrations [Ramachandran, 2005] .
Scaling Factors for Correction of Relative Humidity Effects
[12] QCM measures the aerosol mass concentrations at ambient relative humidities. Uncertainties in the aerosol mass measurements using a QCM could result from high ambient relative humidities, as hygroscopic aerosols can swell with increasing relative humidities [Hänel, 1976] . In the case of QCM measurements the aerosol particles are allowed to settle on each stage for about 15 minutes and the integrated mass change is measured after that time period. This may cause evaporation loss of the adsorbed water from the particles, aggregated by the low pressure in the impactor stages [Ramachandran and Jayaraman, 2002] .
[13] The effect of relative humidity on the measured aerosol mass concentrations is determined following Hänel [1976] and Hess et al. [1998] . The growth factors in mass concentrations have been calculated for continental polluted aerosol size distribution. Continental polluted aerosol model is prescribed for areas highly polluted by man-made activities. Continental polluted aerosol has 15,700 water soluble, 0.6 insoluble and 34,300 soot particles per cm 3 . It contains more than twice the amount of water soluble aerosols and 4 times higher soot content when compared to the continental average aerosol model. The mass fractions of soot at 70% RH are found to be about 2 and 4% respectively for continental average and polluted aerosol models. The mass concentration of soot particles in continental polluted aerosol model is 2 mg m À3 . In this study, continental polluted aerosol model has been chosen as Hisar is a semiurban location.
[14] Continental polluted aerosol size distributions from 50% RH to 90% RH are plotted in Figure 2a . The size distributions in Figure 2a are drawn using the inputs, namely, mode radii, widths (s) and number densities of aerosol species (insoluble, water soluble, soot), given in OPAC for different RH. The mode radii of water soluble aerosol component is found to vary from 0.0262 mm at ) and s of the aerosol species are maintained the same in this calculation throughout the 50-90% RH range. s (widths of size distribution) are 2.51, 2.24 and 2.00 for insoluble, water soluble and soot respectively [Hess et al., 1998 ].
[15] Number densities in the nucleation (0.01-0.1 mm radius) range is about 10 4 particles per cm 3 . In the accumulation (0.1 -1.0 mm radius) mode the number densities decrease by about two orders of magnitude when compared to the nucleation mode. While the coarse mode number densities are about a few particles per cm 3 . The nucleation The single-scattering albedo values for the aerosol components are given at 0.5, 5.0, 10.0, and 40.0 mm wavelengths for comparison. Insoluble, soot, and mineral dust are hydrophobic. The properties of these hydrophobic aerosol components correspond to dry state. Read 0.4e-3 as 0.4 Â 10
À3
. Figure 2 . (a) Illustration of the effect of varying RH on the continental polluted aerosol size distribution containing water soluble, insoluble, and black carbon (soot) aerosol components. Size distributions are drawn using the inputs, mode radii, s, and number densities for insoluble, water soluble, and soot aerosol components at different RH as given in OPAC. (b) The scaling factors (mass at RH/mass at 50% RH) calculated as a function of RH in the nucleation, accumulation, and coarse modes and for the total aerosol mass (0.025 -12.5 mm radius) are drawn. and accumulation modes are found to contribute more than 99% to the total number concentration. In terms of mass, nucleation and accumulation modes are found to contribute about 60-70% to the total mass in the 50-90% RH range. It is seen that as the RH increases the mode radius increases which results in a shift of aerosol number densities to the higher radius range. The increase in the aerosol number densities is seen more prominently in the accumulation mode as compared to the nucleation and coarse modes. The calculated aerosol number densities are converted into mass (mg m
) by using appropriate density for each aerosol species (Table 2) at the corresponding RH in the 0.025 -12.5 mm radius range and the scaling factors ( = mass at RH/ mass at 50% RH) are obtained (Table 3 and Figure 2b ).
[16] In Figure 2b the scaling factors for the nucleation, accumulation, coarse and the total (0.025 -12.5 mm radius) for the continental polluted aerosol size distribution for relative humidities varying from 50% to 90% are plotted and the values are given in Table 3 . No change in aerosol mass concentrations is seen in the nucleation mode as RH increases from 50% to 90%. In the accumulation mode the scaling factor increases from 1.00 (50%) to 1.98 (90% RH). The coarse mode scaling factor is found to increase by about 8% in the 50-90% RH range. The maximum change in the scaling factor occurs in the accumulation mode as the RH increases from 50% to 90%. This is expected as the mode radii of hygroscopic aerosol species which vary with increase in RH are in the submicron range. The scaling factor for total mass concentrations is found to show an increase from 1.00 at 50% RH to 1.55 at 90% RH. Thus for continental polluted aerosols the aerosol mass concentrations will be overestimated by a factor of 2 in the accumulation mode while in the coarse mode the overestimation in mass is only marginal by a factor of 1.08 when RH increases from 50% to 90%. The scaling factors and their variations for the continental polluted aerosols are quite different from that of the marine aerosols [Ramachandran and Jayaraman, 2002] . It was shown that for a marine aerosol size distribution consisting of water soluble and sea salt in the accumulation and coarse modes the scaling factors in the accumulation mode are found to increase from 1.00 (50% RH) to 1.29 (90% RH). Nucleation mode did not exhibit any change similar to the continental polluted aerosols while the coarse mode scaling factors for the marine aerosol were found to be overestimated by a factor greater than 3 when the RH increased from 50% to 90% [Ramachandran and Jayaraman, 2002] .
Results and Discussion

Aerosol Mass Concentrations and Optical Depths: Average Scenario
[17] The QCM measured aerosol mass concentrations are corrected for the daily mean relative humidities (Figure 1b ) using the scaling factors given in Table 3 and are plotted. In Figure 3 average aerosol mass concentrations (3a) and spectral aerosol optical depths (3b) are plotted on clear, hazy and foggy days over Hisar in December 2004. The aerosol mass concentrations in the submicron (<1 mm) radius range are in the 20-40 mg m À3 range for clear, hazy and foggy days. The aerosol mass concentrations in the 0.2-0.4 mm radius range on hazy days are lesser than those measured on clear and foggy days. In the supermicron (>1 mm) radius range the aerosol mass concentrations on clear days is lower than those found on hazy and foggy days.
[18] The aerosol optical depth spectra exhibit quite distinct differences on clear, hazy and foggy conditions in the entire wavelength range of 0.4 -1.0 mm. The mean AODs at 0.5 mm are found to be 0.33, 0.44 and 0.58 on clear, hazy and foggy conditions respectively. The Å ngström parameters a (wavelength exponent) and b (total columnar aerosol loading) are obtained using the relation t = b l Àa for the mean aerosol optical depth spectra. a values are found to be 0.96 (clear), 1.11 (hazy) and 1.13 for foggy conditions. b Scaling factors are determined using the inputs given in OPAC, namely, mode radii, s, and number densities for the above aerosol species as a function of RH. Scaling factors are given for nucleation (Nuc) (0.01 -0.1 mm radius), accumulation (Acc) (0.1 -1.0 mm radius), and coarse (Coa) (1.0 -10.0 mm radius) modes and for the total (0.01 -12.5 mm radius) aerosol mass concentrations. The factors are obtained by normalizing the mass concentrations obtained in different relative humidities to the mass obtained at 50% RH. (Figure 3b ). Both the aerosol mass concentrations and the aerosol optical depths increase during foggy conditions indicating that the presence of fog droplets combined with higher relative humidities can modify the aerosol characteristics through aqueous phase chemical reactions.
Comparison of Aerosol Mass Concentrations
[19] The mass concentration estimates from HVS aerosol measurements correspond to dry mass. QCM mass concentrations are corrected for the relative humidity effects and are scaled to 50% RH. The average RH values are found to be 47 ± 8, 64 ± 3, and 63 ± 7 for clear, hazy and foggy conditions. The OPAC estimated mass concentrations are obtained for the mean RH values on clear, hazy and foggy days. The total (0.025 -12.5 mm) aerosol mass concentrations from QCM, HVS and OPAC estimated mass are plotted in Figure 4 and the values are given in Table 4 . Vertical bars indicate ±1s from the mean of observations.
[20] In OPAC the number concentrations of different aerosol species are modified to reproduce the observed AOD spectra. AOD spectra on clear days over Hisar could be fitted with 0.8 insoluble particles per cm 3 , 13,000 water soluble, 25,000 soot particles, 500 particles in nucleation mode of mineral dust and 0.5 particles in mineral dust accumulation mode. During hazy days the insoluble particles are found to exhibit a threefold increase to 2.4 particles per cm 3 , while the number concentration of mineral dust in nucleation and accumulation modes are found to be the same as that of the clear days. The number concentration of water soluble aerosol species and soot on hazy days are found to be higher than clear days at 16,000 and 45,000 particles per cm 3 respectively. On foggy days insoluble particles and mineral dust in the nucleation mode are found to be the same as clear day. Water soluble aerosol species on foggy days is found to be 15,000 particles while the number concentration of soot increased to about 1,20,000 particles per cm 3 . Mineral dust in the accumulation mode is found to show a marginal increase going up to 15 particles cm À3 in foggy conditions. [21] The OPAC estimated mass concentrations are slightly lower than QCM and HVS mass concentrations. The reason for the slightly lower mass concentrations in OPAC estimates could be that in OPAC aerosol particles only up to 7.5 mm radius are considered for calculating the mass. While both QCM and HVS measure aerosols higher than 7.5 mm radius. It is also seen that QCM and HVS mass concentrations agree within ±1s of their respective means. The BC mass concentrations estimated from HVS measurements are also found to show variations, contributing about 1% to the total mass during clear and hazy days while the percentage of BC increased to 4% during foggy conditions. The mean BC mass concentrations estimated from HVS aerosol samples are found to be 1.6 ± 0.8, 2.3 ± 1.2 and 7.2 ± 2.5 mg m À3 during clear, hazy and foggy conditions over Hisar in December 2004. The mass concentrations of black carbon as estimated from OPAC during clear, hazy and foggy days are found to be 1.5, 2.7 and 7.2 mg m À3 respectively, which corroborates well the HVS measured BC mass concentrations (Table 4) .
Single-Scattering Albedo Values: A Comparison
[22] Single-scattering albedo values at 0.5 mm estimated using OPAC for clear, hazy and foggy conditions are 0.88, 0.86 and 0.76 respectively (Table 4) . BC is the single largest absorber in the atmosphere. During foggy and hazy conditions the pollutants get trapped resulting in an increase of aerosol mass concentrations including BC at the surface and columnar AODs. The increase in BC is much higher during foggy period than hazy conditions. BC increases by a factor of 5 during foggy conditions as compared to about a factor of 1.5 during hazy days with respect to BC measured during Figure 4 . Total aerosol mass (0.025 -12.5 mm radius range) measured using a QCM for clear, hazy, and foggy conditions in comparison with the mass concentrations measured by a high-volume sampler (HVS). The maximum cutoff radius for HVS aerosol measurements is $10 mm. Vertical error bars indicate ±1s from the mean of observations. OPAC estimated mass concentrations (up to 7.5 mm radius) are also plotted. QCM is in the radius range 0.025 -12.5 mm, HVS has a maximum cutoff radius of $10 mm, and OPAC estimated aerosol mass is up to 7.5 mm radius. Single-scattering albedo (w) at 0.5 mm estimated using OPAC in December 2004 is also given.
clear periods. An increase in BC would result in higher absorption of radiation and hence would reduce the w values. The w values are found to be low for foggy condition aerosols which is consistent with the increase in measured BC concentrations (Table 4) .
[23] w values in the 0.44 -1.02 mm wavelength range from the nearby Aerosol Robotic Network (AERONET) site Kanpur (26.4°N, 80.3°E) are found to be lower than 0.85 during the winter season with respect to the other seasons [Singh et al., 2004] . It has also been pointed out that over Kanpur absorbing aerosols are dominant during winter leading to lower w values. Tripathi et al. [2005] reported a value of 0.76 for w for the composite aerosol at 0.5 mm. w from AERONET measurements for December 2004 was found to be 0.78 ± 0.08. BC mass concentrations measured using an aethalometer were found to be high over Kanpur during December 2004 and were found to lie in the range of 6-20 mg m À3 contributing about 10% on an average to the total aerosol mass [Tripathi et al., 2005] . In comparison over Hisar the BC mass concentrations are found to be in the 2 -7 mg m À3 range during clear, hazy and foggy conditions. The mean BC mass fractions are found to be lower over Hisar when compared to Kanpur and are about 1 -4% during clear, hazy and foggy days. In a land campaign experiment conducted in February 2004 over west, central India measurements of aerosol characteristics were made at various locations starting from Ahmedabad (23.03°N, 72.5°E) up to Hyderabad (17.5°N, 78.6°E). During the campaign it was found that BC contributed about 2 to 5% to the aerosol mass concentrations in the 0.01 -10.0 mm radius range [Jayaraman et al., 2006] . The average aerosol mass concentration in the 0.01 -10.0 mm radius range was about 60 mg m À3 , while BC mass concentrations were found to lie in the 1 -3 mg m À3 range. w at 0.525 mm over west, central India was found to vary from a low of 0.74 to a high of 0.91 with an average value of 0.84. It is to be noted that not only the BC mass and its percentage contribution to the total mass are important in determining the w value. The size distribution, to a greater extent, is crucial apart from the mass fraction, as the value of w (whether high or low) is determined by the ratio of the number of absorbing to scattering particles in a size distribution. Mineral dust particles are bigger in size when compared to BC and contribute less in number for the same total mass. Hence a lower value of w could result due to a higher total mass even though the percentage contribution of BC is low, as seen over Hisar. Over Hisar the mean total aerosol mass concentration was found to be about 145 mg m À3 during clear days which exceeded 200 mg m À3 during foggy days. In addition over the measurement site, Hisar, mineral dust was also found to exist, which again could have reduced the w because of absorbing nature of dust (Table 2) .
[24] These results on w are quite consistent with the annual mean w values derived using an aerosol chemical transport model (GOCART) and AERONET [Chung et al., 2005] . 0.55 mm w values are found to be in the 0.90 -0.85 range over northern India [Chung et al., 2005] during April. 0.5 mm w value for continental polluted aerosol model is 0.88 while it is 0.79 for an urban aerosol model which has a factor of 4 higher soot number concentration [Hess et al., 1998 ] than continental polluted aerosols. w values over Hisar exhibit close agreement with w values estimated over Chennai (13.0°N, 80.2°E) an urban location in south India and Bangalore (13°N, 77°E) , a continental location in south India during winter. Chennai w value was found to be 0.77 [Ramachandran, 2005] for February -March 2001 while w for Bangalore during October -December 2001 was estimated to be 0.73 [Babu et al., 2002] . BC mass fraction to the total aerosol mass over Bangalore was also higher at 11% leading to a lower w value.
Aerosol Radiative Forcing Estimation and SW, LW, and Net Aerosol Radiative Forcings
[25] OPAC derived AOD spectra, w and asymmetry factor values in the 0.2-40.0 mm wavelength range for clear, hazy and foggy conditions are used to perform aerosol radiative forcing (ARF) estimates. The radiative transfer calculations are made using the Santa Barbara Discrete Ordinate Radiative Transfer (SBDART) [Ricchiazzi et al., 1998 ] algorithm, which is based on a collection of well tested and reliable physical models developed by the atmospheric science community over decades. This hybrid approach has been used successfully to estimate the aerosol radiative forcings over the Arabian Sea, Bay of Bengal [Ramachandran, 2005; Vinoj et al., 2004] and of Saharan dust [Li et al., 2004] . The calculations are performed separately with and without aerosol and the shortwave (0.2 -4.0 mm), longwave (4.0 -40.0 mm) and net (0.2 -40.0 mm) clear-sky aerosol radiative forcings are determined. The aerosol forcings calculated at 1-hour interval are used to determine the diurnal averages and discussed. The forcing calculations over Hisar are done for the tropical atmosphere. The MODIS surface albedo measured by Terra and Aqua satellites over Hisar are used in the present work. 16-day, Level 3 Global 1 km SIN Grid MODIS data provides both the white sky and black sky albedo at local solar noon in seven bands: (1) 0.62 -0.67 mm, (2) 0.841 -0.876 mm, (3) 0.459 -0.479 mm, (4) 0.545 -0.565 mm, (5) 1.23-1.25 mm, (6) 1.628 -1.652 mm, and (7) 2.105 -2.155 mm, which are centered at 0.645, 0.859, 0.469, 0.555, 1.24, 1.64 and 2.13 mm respectively. Using white sky and black sky albedo values, actual surface albedo over Hisar has been computed and used in the above wavelength region. The mean surface albedo over Hisar during December 2004 in the 0.459 -2.155 mm wavelength region is 0.17±0.07. For the rest of the wavelengths employed in aerosol radiative forcing calculations land surface reflectance characteristics [Reeves et al., 1975] as given in SBDART are used.
[26] Shortwave (SW), longwave (LW), net aerosol radiative forcing at the top of the atmosphere (TOA), atmosphere (ATM), and surface (SFC) during clear, hazy and foggy periods over Hisar are plotted in Figure 5 . During clear days at TOA the net ARF is negative as the negative SW forcing is higher than the positive LW forcing. At the SFC SW aerosol forcing is in excess of À20 W m . The large increase in ATM forcing during foggy days arises due to increase in the aerosol content and aerosol concentrations especially BC which resulted in a lower w. The mean 0.5 mm AOD during foggy days is about 1.7 times higher than clear periods. As the aerosol radiative forcing and the aerosol optical depths are nearly linearly connected, the aerosol radiative forcing will be higher with an increase in AOD as seen (Figure 3) . It has been shown that with an increase in the soot content on a land surface the TOA forcing changes sign from negative to positive [Ramachandran, 2005] . TOA forcing was found to decrease with land albedo for continental clear, average and polluted aerosol models [Ramachandran, 2005] . Because the surface reflectance is significantly larger for the land when compared to the ocean the radiation reflected from the surface would again interact with the aerosol. In addition land due to its lower heat capacity responds much more quickly to the changes in surface reaching solar radiation. These features combined with a higher soot content lead to TOA forcing sign change from negative to positive over land. BC mass concentration was found to be about a factor of 5 higher on foggy days when compared to clear days. The number concentration of soot particles increased by about 5 times from 25,000 particles per cm 3 on clear days to 1,20,000 particles per cm 3 for foggy conditions in the estimated AOD spectra.
[29] The SW, LW and net forcings for the aerosols over the Indian Ocean during the northeast winter monsoon season have been estimated [Satheesh and Lubin, 2003] . TOA SW forcing is found to be about À12 W m This value is higher than the net forcing found over the Indian Ocean for an AOD of 0.5. The high absorption over a semiurban location when compared to the oceanic regime arises due to a higher soot content and also due to higher surface reflectance characteristics.
[30] In Table 5 . The mean 0.5 mm AOD during foggy days over Hisar is 0.58. This comparison shows that with higher AOD and low w values the SW atmospheric absorption will be higher.
[31] SW SFC forcing during December 2000 and December 2001 were found to be À14 W m À2 and À22 W m À2 over Pune (18.5°N, 73.9°E) a tropical urban site in central India [Pandithurai et al., 2004] . The mean SFC, TOA and ATM SW forcings during dry seasons (November-April) of 2001, 2002 over Pune were found to be À33, 0 and 33 W m À2 respectively (Table 5 ). The mean w over Pune during this period was found to be 0.81 which is higher than the w values estimated over Bangalore (0.73) and Hisar (0.76) during foggy conditions respectively. Aerosol optical depths, mass concentrations and black carbon measurements were made in Bangalore, an urban continental location in south India during OctoberDecember 2001 [Babu et al., 2002] . TOA forcing over Bangalore was estimated to be 5 W m À2 for an AOD of 0.24 at 0.5 mm. SFC and ATM forcings are found to be À23 and 28 W m À2 respectively [Babu et al., 2002] . Over Chennai, a metro city situated on the eastern coastline of India the mean 0.5 mm AOD was found to be 0.57 and w was estimated as 0.77, slightly lower than the urban aerosol model [Ramachandran, 2005; Hess et al., 1998 ] from the measurements made during February -March 2001. TOA SW forcing over Chennai was higher than Bangalore and was found to be 9 W m
À2
. SFC and ATM forcings are found to be À53 and 62 W m À2 respectively [Ramachandran, 2005] . It is clear from this comparison ( Table 5) that SW aerosol radiative forcings are linearly related to AODs while the ATM absorption strongly depend on the singlescattering albedo values.
[32] For a typical boundary layer aerosol over the Indian Ocean during northeast winter monsoon with a 0.5 mm AOD of 0.3 the downwelling longwave flux at the SFC was found to increase by about 8 W m À2 while the outgoing longwave at TOA decreased by about 1 W m À2 [Lubin et al., 2002] . It was shown that for a more vertically extended [33] SW ATM forcing over the south Asian region (5-35°N, 65-90°E) which includes the Indian subcontinent was found to be about 9 W m À2 [Chung et al., 2005] during December. The AODs were classified as natural and anthropogenic in the estimate. Over the south Asian region it was found that the anthropogenic aerosols were contributing more than 60% to the total (natural + anthropogenic) AODs during April while the global, annual average was about 40%. The 0.55 mm AODs during April over the Indian subcontinent are found to be in the 0.2-0.4 range and w values were below 0.9 decreasing up to 0.85. In comparison over Hisar SW ATM forcings are found to be high and vary from about 16 W m À2 on clear days to 49 W m À2 on foggy days. It should be noted that SW forcings estimated in the study are for total aerosols, while Chung et al.'s forcings are for anthropogenic aerosols. In addition the AODs and w values are different which could lead to differences in the forcing values.
[34] It is seen that the SW forcings dominate when compared to the LW and the net forcings follow the SW forcing patterns. The ratios of SW/LW in the absolute sense are found to vary as a function of altitude and aerosol characteristics. At TOA SW/LW forcing ratios are found to vary from a high of 2.4 (clear days) to around 1 during hazy and foggy conditions. SFC forcing ratios are found to exceed 6 during all conditions. While in the ATM SW/LW forcing ratios are found to be higher varying from 11 during clear and hazy days to 14 on foggy days. Though the LW forcings contribute less than the SW forcings LW forcings can exhibit variations depending on the amount of water vapor and ozone which is discussed next.
Sensitivity of LW Forcing to Water Vapor and Ozone Variations
[35] The downwelling and upwelling fluxes in the entire middle infrared wavelengths is found to depend significantly on the temperature and relative humidity [Lubin et al., 2002] . In the atmosphere at different altitudes, the absorption and emission processes when integrated over all wavelengths, result in either a net loss of longwave radiative energy (radiative cooling) or a net gain (radiative warming) [Ramaswamy, 2002] . In comparison the solar radiation always acts to warm the atmosphere. In the troposphere under clear-sky conditions the longwave cools the atmosphere essentially due to water vapor and carbon dioxide. Ozone with a band centered at 9.6 mm is important for the longwave radiative processes in the stratosphere. Ozone causes warming in the lower stratosphere (20 km) while above about 25 km ozone also contributes to longwave cooling, in addition to water vapor and carbon dioxide [Ramaswamy, 2002] . Single-scattering albedo values of different aerosol species (Table 2) are substantially low in the infrared indicating significant absorption in the longwave. The infrared absorption by aerosols decrease the outgoing longwave flux while increasing the surface reaching infrared radiation resulting in cooling of the atmosphere. The LW aerosol radiative forcings are estimated over Hisar during December 2004 for different measured water vapor and ozone columnar amounts to investigate the sensitivity of longwave forcings to changes in water vapor and ozone concentrations.
[36] The monthly mean columnar water vapor and ozone during December over Hisar are found to be 1.37 ± 0.38 cm and 255 ± 22 DU (Dobson units) respectively. Daily mean water vapor was found to vary from a minimum of 0.77 cm to a maximum of 2.72 cm during December 2004. The daily mean values of columnar ozone are found to vary from 236 (minimum) to 303 (maximum) DU. The SW and LW ARF calculations discussed earlier have been performed for the monthly mean columnar water vapor (1.37 cm) and ozone (255 DU) values. LW forcings for the 6 cases (Table 6) for different water vapor and columnar ozone amounts are performed and plotted in Figure 6 . In addition LW forcings have also been estimated for the water vapor and ozone amounts representing tropical atmosphere. The columnar water vapor given in SBDART representing tropical atmosphere is very high at 4.12 cm when compared to the water vapor amounts measured over Hisar during December 2004. The columnar ozone amount representing tropical atmosphere is 253 DU which is only 2 DU less than the mean ozone amount measured during December 2004 over Hisar.
[37] Case 1 corresponds to LW forcing values calculated for the monthly mean columnar water vapor and ozone values of 1.37 cm and 255 DU respectively for foggy period AODs. The longwave radiative forcings are performed for the AODs estimated during foggy periods and plotted in Figure 6 . À2 , indicating that when the water vapor increases the SFC forcing decreases which in turn lessens the ATM absorption. In case 3 when the water vapor is minimum the reverse phenomenon happens. SFC and TOA forcing increase during minimum water vapor conditions while the ATM cooling due to water vapor increases. SW forcings did not not exhibit any significant differences for different water vapor and ozone column amounts. These forcing estimates indicate that while the SW forcing remains the same with the decrease of water vapor, the net ATM absorption will decrease because of increase in LW ATM cooling.
[38] Cases 4 and 5 which correspond to maximum (303 DU) and minimum (236 DU) ozone values show negligible differences with respect to the forcings derived for the mean ozone amounts. The maximum ozone amount was found to be about 20% higher than that of the mean while the minimum columnar ozone was about 7.5% lower than the mean. LW forcings at TOA, SFC and ATM are found to differ by a maximum of 1% from the mean values. Case 6 indicates LW forcing calculated for tropical atmosphere columnar water vapor and ozone amounts. It is seen that variation in ozone amounts do not have any significant influence in the LW forcing values. For tropical atmosphere conditions the TOA forcing decreases quite significantly from about 3 W m À2 to 2 W m
À2
. SFC and TOA LW forcings are found to exhibit an anti-correlation with the water vapor amounts. The effect of increasing water vapor is more spectacular at the SFC where the forcing decreases by a factor of 2.4 from about 6 W m À2 (mean water vapor) to 2.6 W m À2 (tropical water vapor). This sensitivity study illustrates that over a semiurban location in the presence of higher BC and lower water vapor LW ATM forcing becomes more negative. In this scenario, while the SW ATM forcing is very high due to higher BC content, the higher LW cooling can result in a further reduction of the net ATM warming.
Conclusions
[39] Shortwave and longwave aerosol radiative forcings are estimated over a continental polluted location in northern India for December 2004. Simultaneous measurements of aerosol mass, black carbon mass concentrations and spectral aerosol optical depths over Hisar are used to estimate aerosol optical properties required for forcing calculations in the shortwave and longwave regions. With the availability of physical, optical and chemical characteristics of aerosols the estimates of optical properties could be constrained better. The measured aerosol data have been classified based on meteorology to represent clear, hazy and foggy periods. Sensitivity of shortwave and longwave aerosol radiative forcings to different amounts of water vapor and ozone is estimated and consequences are discussed.
[40] Aerosol mass measurements are made using a 10-stage quartz crystal microbalance (QCM) impactor and mass concentrations in the 0.025 -12.5 mm radius range at ambient relative humidities are obtained. The aerosol mass concentrations are then corrected for relative humidity effects by applying the scaling factors pertaining to continental polluted location. Total aerosol mass concentrations have been made using a high-volume sampler (HVS), which has a maximum cutoff radius of 10 mm. Spectral aerosol optical depths are made using a handheld Sun photometer in the 0.4-1.0 mm wavelength region. The submicron aerosol mass concentrations are found to be in the 20-40 mg m À3 range on clear, hazy and foggy days. The supermicron mass concentrations on foggy and hazy days are found to be higher than those found over clear days, which could be due to higher relative humidity and presence of fog. The mean 0.5 mm AODs are found to vary from a low of 0.33 during clear days to a high of 0.58 on foggy days, while during hazy days the AOD is 0.44. Aerosol mass concentrations measured by QCM, HVS and estimated using OPAC are found to agree within ±1s standard deviation from the mean. BC mass concentrations are found to be low during clear and hazy periods at 1.6 and 2.3 mg m À3 respectively. During foggy conditions BC mass concentration shows a fivefold increase to 7.2 mg m À3 . BC is found to contribute 1 to 4% to the total aerosol mass during December 2004 over Hisar.
[41] The aerosol optical properties required for aerosol radiative forcing calculations viz., spectral aerosol optical depths, single-scattering albedo and asymmetry parameter in the 0.2 -40.0 mm covering shortwave (SW) and longwave (LW) regions are derived using Optical Properties of Aerosols and Clouds (OPAC). The derived aerosol characteristics are input in discrete ordinate radiative transfer (SBDART) model and radiative forcings are performed for clear-sky conditions for clear, hazy and foggy days. Aerosol radiative forcing calculations over Hisar are performed for tropical atmosphere using MODIS spectral surface albedo in the 0.459-2.155 mm wavelength region and using land surface reflectance characteristics given in SBDART in the rest of the wavelength bands. w values at 0.5 mm are found to be 0.88, 0.86 and 0.76 for clear, hazy and foggy conditions. The low w value during foggy conditions is quite consistent with increase in BC concentration as BC is the single largest aerosol absorber of solar and longwave radiation in the atmosphere. w values found over Hisar are found to exhibit close correspondence with w values estimated over other urban and continental locations in India in winter.
[42] During clear periods the top of the atmosphere (TOA) net aerosol radiative forcing is negative as the SW forcing is negative and dominates the forcing. Surface (SFC) SW forcing is also high when compared to LW resulting in a net atmospheric absorption of about 16 W m À2 . On hazy days the net (SW+LW) ATM forcing is about 25 W m À2 and in this case also the SW forcing dominates. Under foggy conditions TOA SW and LW aerosol radiative forcings are both positive and are about 3 W m À2 . LW cools the atmosphere (ATM) by about À3 W m À2 while the SW warms the atmosphere by 49 W m
À2
. This results in a net atmospheric warming of 46 W m
. The higher loss of surface reaching solar radiation during foggy days is attributed to the higher BC amount, as the same surface albedo values are used for all the three atmospheric conditions. The SW and LW forcings obtained over Hisar are compared with forcings obtained at continental, urban sites in India and the adjoining oceanic regions. The forcings estimated over Hisar are found to agree well with these estimates taking into account the differences in the mean aerosol optical depths and w values.
[43] In the atmosphere LW absorption or emission processes can produce a net longwave cooling or warming while SW always warms the atmosphere. Over Hisar during December 2004 columnar water vapor and ozone were found to exhibit large variations. Columnar water vapor varied from a low of 0.77 cm to a high of 2.72 cm, while ozone amount varied from 236 DU to 303 DU. LW aerosol radiative forcing calculations have been performed for the mean, maximum and minimum water vapor and ozone amounts found over Hisar. The maximum ozone amount was higher by 20% with respect to the mean value of 255 DU while the minimum ozone value was 7.5% lower than the mean. LW forcings at TOA, SFC and ATM are found to show only about 1% difference from the LW forcings derived for mean ozone amount.
[44] For maximum water vapor amount of 2.72 cm over Hisar TOA LW forcing did not exhibit any significant difference. SFC LW decreased from 6.2 W m À2 (mean) to 4.2 W m
. This resulted in a lowering of the ATM cooling from about À3 W m À2 to À2 W m
. SFC and TOA forcings are found to increase during minimum water vapor conditions which results in a higher ATM cooling. SW forcings did not exhibit any significant differences for different water vapor and ozone column amounts. For tropical atmosphere, for a columnar water content of 4.12 cm it was estimated that TOA LW forcing decreases quite significantly from about 3 W m À2 to 2 W m
. The effect of increasing water vapor is more significant at the SFC where the forcing decreased by a factor of 3 from about 7 W m À2 (minimum water vapor) to 2.6 W m À2 (tropical water vapor). The forcing calculations indicate clearly that LW forcings partially cancel the large SW aerosol forcings and LW forcings become more prominent when absorbing aerosols increase while the water vapor decreases.
